DNA interaction with artificial binders is of great interest, especially in light of the broad range of possible biomedical applications. The growing understanding of replication, transcription and translation opened the path for new approaches to target pathological effects at a very early stage. Meanwhile, the competitive binding to nucleic acids by designed molecules, which, for example, block certain sequences for natural binders, such as transcription factors, has become a promising concept in the context of gene therapy. On the other extreme, the transport of nucleic acids over the cell membrane into the nucleus by transfection agents opens the possibility to reprogram protein biosynthesis within host cells.
Introduction
Since J. D. Watson and F. H. C. Crick elucidated the molecular structure of the now well known B-DNA, there has been great progress in the understanding of the biochemical processes in which nucleic acids are involved [1] . Complex supramolecular interactions in replication (duplication of DNA strands), transcription (copying DNA's information into RNA) and translation (biosynthesis of proteins) are controlled by various enzymes, which again are triggered by a great number of different proteins. Transcription factors, for example, achieve their effects by binding to specific DNA sequences, so-called promotor regions, by which the expression of target genes may either be activated or inhibited. Today, it is not only possible to interfere with gene expression, but also to introduce, at will, new genes into the cell nucleus.
In the double-stranded DNA molecule the four nucleic bases are attached to deoxyribose sugars interconnected by negatively charged phospho-diester moieties. Two of these resulting polymeric strands coil around each other and form a right-handed double-helix with a minor and a major groove. The purine bases adenine (A) and guanine (G) and the pyrimidine bases thymine (T) and cytosine (C) form the hydrogen-bonded base pairs AT and GC, which are stacked upon each other at a constant distance of about 3.4 Å (-stacking interactions).
These supramolecular interactions are responsible for the stabilization of the double helix. External agents can dock onto DNA in four different ways: electrostatic binding to the sugarphosphate backbone, intercalation between the base pairs, and insertion into either the minor or major groove. Whereas ionic attraction by the phosphate groups as well as intercalation are rather unspecific binding modes, hydrogen-bonding inside the grooves offers the possibility to distinguish between base pairs and is, therefore, used by many biomolecules [2] . Most proteins bind to DNA by forming well defined hydrogen bonds in the major groove, which offers a greater variation in hydrogen bond patterns than the minor groove and thus presents most of the genetic information to the guest. Proteins have developed typical secondary structure motifs for sequence-selective binding inside the major groove: these are helix-turn-helix and helix-loop-helix structures, leucine-zippers and zinc fingers [3] . Whereas protein major groove binders most commonly adopt a cylindrical shape and form α-helices with diameters of about 1.3 nm for a snug fit, other proteins targeting the smaller minor groove feature β-sheets instead [3, 4] . Besides physiological proteins there are a number of smaller natural products that interact with DNA by either intercalation or minor and major groove binding, many of which have anticancer activity. Polyamides such as distamycin and netropsin have been especially well studied; they bind selectively inside the minor groove of ATrich DNA tracts, inhibit RNA biosynthesis and are, therefore, used as templates for the synthesis of more elaborate DNA binders [5] .
In the past decades several different concepts for the recognition of nucleic acids have been established and many new synthetic DNA binders have been developed. Over the past two decades, Schneider et al. carried out seminal work on DNA binding and cleavage with small artificial polycationic compounds [6] . Important insights were gained from binding and hydrolysis studies carried out with a wide variety of substance classes [7] [8] [9] . In the course of these investigations, the Schneider group identified key features that impose high DNA affinity and reactivity towards phosphodiester cleavage. Nielsen et al. invented the so-called peptide nucleic acid (PNA), in which the anionic backbone of an oligonucleotide is replaced by a neutral polyamide. These polymers form (DNA) 2 (PNA), but more commonly (DNA)(PNA) 2 triplexes by a combination of Watson-Crick base pairing and major groove binding through Hoogsteen hydrogen bonding [3] . The natural products distamycin and netropsin mentioned above have inspired the development of a whole family of synthetic minor groove binders. Dervan et al. synthesized a number of heterocylic polyamides consisting of pyrrole, imidazole and hydroxy-pyrrole monomers and developed a binding alphabet in order to address specific sequences from within the minor groove. This concept produced highly promising sequence-selective DNA binding agents, including hairpin-and macrocyclic oligo-heterocycles. Some of these show remarkable effects, such as drastic induced conformational changes of the DNA helix and gene silencing by a blockade of specific response elements [10] [11] [12] .
Calixarenes -Supramolecular Interactions
Calixarenes are phenol-formaldehyde macro-cycles that consist of a hydrophobic aromatic core, which enables them to complex smaller molecules inside their cavity. On the other hand the upper and lower rims are commonly used to introduce different binding sites, giving access to a large number of varying receptor molecules with amphiphilic character. On top of this, calixarenes can be present in different conformations: larger calixarenes [n>5] are rather flexible and, therefore, lack any specific orientation of their upper or lower rim substituents. By contrast, calix [4] arenes may be shaped and ultimately also locked in one of four characteristic conformations making them even more multifaceted ( Figure 2 ) [13] .
Depending on their upper and lower rim functionalization, calixarenes have hitherto been designed as complexation agents for various cationic or anionic analytes [14, 15] . The cavitand application may even be extended by using two calixarene cups that are linked together at one of the rims to form a molecular capsule which completely surrounds its target [16] [17] [18] . Calixarenes have also been used to mimic metallo-enzyme active sites, acting as a coordination core and hydrophobic pocket [19] . One of the major advantages connected with calixarenes is the synthetic ease to generate multivalent ligands. Multivalency is one of the key features of very strong non-covalent interactions found in nature and thus indispensable to the supramolecular chemist. Multivalent interactions can be at the same time highly specific and also thermo-dynamically stable, as observed for many biological supramolecular assemblies, such as the double-helical structure of DNA [20] . In spite of this natural example, calixarene scaffolds have only recently been applied as multivalent ligands for nucleic acids. Due to the two opposite rims it is possible to introduce recognition elements at one of the rims and, for example, aliphatic tails at the other. Several groups have focused their research on supramolecular interactions between nucleic acids and various calixarene derivatives; more recently the emphasis was placed on elucidation of binding mechanisms and improvement of binding properties.
Specific Binding of Calixarenes to DNA
Due to the negative charge of nucleotides and nucleic acids it is no surprise that protonated polyamines bind to them strongly via electrostatic interactions, reinforced by hydrogen bonds between their cationic ammonium and the anionic phosphate groups. The Schneider group pioneered this research area and developed the first calixarene derivatives with (trimethyl-ammonium)methyl groups at their upper rims, which are able to bind to nucleotides and nucleic acids ( Figure 3 ). It was argued that calixarenes are ideal molecular scaffolds for this purpose, since they allow easy introduction of different binding sites and include both a certain degree of flexibility as well as a preorganised shape [21] .
Due to facile rotation of all lower rim methoxy groups through its annulus the calix [4] arene derivative 2 adopts a 1,3-alternate conformation with maximum distances between its four cationic moieties. On the other hand, the same derivative with n-propyl groups at its lower rim, 1, is locked in the cone-conformation. Transition to the wider calix [6] [7] [8] arenes 3 and 4 produces highly flexible species, which are conformationally mobile.
The permanent charges of the ammonium groups at the upper rim establish both water-solubility and pH-independent anion binding sites. Nucleotides are primarily recognized by hydrogen-bond reinforced Coulomb attraction, which is most likely accompanied by stacking interactions between (hetero)aromatic parts of host and guest. In order to quantify the affinities of the different aminocalixarene derivatives, NMR shift titrations in D 2 O were performed. The complexation free energies in 1:1 complexes between nucleotides and the calix [4] arene receptor molecules 1 and 2 increased from AMP (18 ± 1 kJ/mol), over ADP (20 ± 1 kJ/mol) to ATP (22 ± 1 kJ/mol). Comparison with weak adenosine binding revealed a large contribution of salt bridging to the complexation energy, which is underlined by complexation-induced shifts and calculated complex structures. Both indicate that the nucleobase or sugar parts are only partially inserted into the calixarene cavity. In addition, the binding properties of complexes with other nucleotides (GMP, UMP, CMP and TMP) were similar to those of the adenine derivatives. This indicated that the dominating electrostatic interaction between the ionic groups allows only little contact between nucleobases and the aromatic part of the calixarene resulting in diminished nucleobase selectivity. The large calixarene derivatives 3 and 4 bind ATP in water with association constants of about 7 x 10 4 M -1 , whereas the affinities of the 1,3-alternate calix [4] arene 2 and the cone calix [4] arene 1 are ten and six times lower, respectively. According to their lower negative charge the nucleotides ADP and AMP are generally bound more weakly. The highest association constants are also observed in complexes with the calix [8] arene 4 [21] .
Beyond nucleotides all investigated amino-calixarene derivatives are also able to bind to and stabilize nucleic acids by ion pairing and additional van der Waals-type contributions. Polyamine affinities towards DNA are primarily dependent on the number of positive charges in the ligand; each of the resulting salt bridges contributes up to 8 kJ/mol. The aromatic core can bestow higher affinity and also selectivity upon the calixarene towards nucleic acids. In order to examine the binding properties of the four trimethyl-ammonium derivatives, thermal melting studies and fluorometric ethidium bromide displacement assays in SHE buffer [sodium 4-(2hydroxyethyl) piperazine-1-ethanesulfonate, adjusted to pH 7.0] were carried out. The highest affinity towards calf thymus (ct) DNA was found for the cone-shaped calix [4] arene 1 bearing four positive charges at the upper rim. It is even more effective than the known DNA-binder spermine, pointing at additional contributions from the phenol groups. Although the larger and more flexible calix[6]-and calix [8] arene-derivatives bear six or even eight positive charges, these only show a small affinity increase, most likely because only some of their ammonium centers are able to form close ion pairs with backbone phosphates. Most important in this context are the distances between the phosphates in the B-DNA (7 Å or 11 Å) and between the N + -atoms of the calixarenes, which agree most favorably in the cone-shaped calix [4] arene (9 Å and 12 Å), so that up to eight simultaneous salt bridges are possible (molecular modeling studies). Remarkably, Schneider's calixarenes prefer DNA over RNA, which is not the case for known DNA binders such as spermine [21] .
Building on this foundation, the Schrader group recently developed and investigated calixarene dimers with protonated NH 2 groups at the upper rim connected over a suitable flexible bridging unit.
Extensive biophysical experiments accumulated evidence for the fact that these bind to DNA by insertion into its major groove. Their dimensions of 3x1 nm² resemble those of a single zinc finger peptide. Substitution of their lower rim with butoxy tails fixes both calixarene moieties in the cone conformation, so that all ammonium groups point in the same direction. The flexible central bridge allows the whole dimer to adopt the perfect curvature of the major groove, as opposed to a related derivative with a rigid aromatic spacer, which only binds weakly to DNA.
Fluorescence titrations with fluorescein-labeled DNA indicated dimer/DNA stoichiometries of 9:1 with association constants of 1 x 10 5 M -1 . Dilution of the buffer solution led to affinity increase, which indicated polar interactions. These were most likely complemented by hydrophobic forces and reinforced by the formation of aggregates. UV melting curves of DNA in the presence of calixarene dimers differed from those of DNA alone, due to their influence on the nucleic base chromophores. In agreement with the postulated major groove binding mode, hydrogen bonding to the nucleic bases occurred, and increased UV absorption for the duplex, but quenched it for single-stranded DNA. As a consequence of the steric hindrance of thymine's methyl group, hydrogen bond contacts are more difficult to be formed in the major groove of (AT) n -DNA, and (GC) n -strands should be preferred; this was indeed confirmed by a difference in the binding constants of one order of magnitude. In ethidium bromide displacement assays the fluorescence emission from the intercalated dye was fully quenched by an excess (30 eq.) of added dimer. Whereas the value for the necessary dimer concentration for 50% dye displacement (C 50 ) remained modest, the corresponding charge excess ratio (CE 50 ) was among the lowest ever reported for DNA binders -even at high salt loads. Comparison with spermine, which specifically targets the phosphodiester backbone and forms multiple salt bridges, revealed a striking difference between the binding modes of typical polyamines and calixarenes: The affinity of spermine towards DNA strands is drastically weakened at physiological NaCl concentrations, but the dimer-DNA interaction remained almost equal under these conditions. This finding again indicates that the dimer does not attack the negatively charged phosphodiester backbone, but rather inserts into the spacious major groove. The binding mechanism was further elucidated by molecular modeling studies which revealed minimum energy structures in which the calixarene units were inserted into the major groove in such a way that up to six additional hydrogen bonds were established [4] .
In order to further investigate the binding mechanism of polycationic dimeric calixarenes the Schrader group varied the bridging unit in length and charge. The latter was achieved by introducing additional ammonium groups, which were intended to form additional hydrogen bonds to the base pairs. Gratifyingly, it was observed that the elongation of the bridging unit did not lower the dimers' affinity for DNA's major groove. This is important, because, for promotor specificity, linkers must be suitable to span and recognize up to six base pairs, a prerequisite for sequence- selective binding. Further investigation of the new dimers revealed a stabilization of short DNA strands (12 bp) indicated by a melting point increase of up to 20°C, most likely because the incorporation of aggregated calixarenes into the major groove clamps together the dangling ends of the short DNA duplex. CD spectroscopic measurements also indicated a drastic conformational change in complexed RNA derivatives with their narrow major groove (A-DNA conformation) towards a B-DNA geometry, which offers a wider major groove to accommodate the calixarene body. It is quite interesting to see that this effect differed depending on the nature of the bridge, allowing some sort of conformational control of the complexed DNA. This behavior resembles that of most DNA binding enzymes such as polymerases and endo-nucleases, which also induce significant conformational changes when binding in the major groove [22] .
Addressing the ultimate goal, the external control of gene expression, calixarene dimer derivatives with an exchangeable functional bridge were synthesized. Here the bridge was designed to read -and select -the optimal base sequence of the complexed DNA fragment [23] . In an attempt to transfer the hydrogen bonding ability of natural heterocyclic oligoamides from the minor to the major groove, N-methyl pyrrole and N-methyl imidazole units were introduced into the bridges. Due to their overall crescent shape these linkers should be able to dock onto the curved major groove floor and form hydrogen bonds towards nucleic base pairs via their amide protons and imidazole nitrogen lone pairs. Apart from this, the issue of solubility was also addressed by replacement of the calixarenes' upper rim ammonium by guanidium groups. Parallel to this aniline series, a benzylamine series was prepared, in which the cationic functionalities were separated from the aromatic scaffold by a methylene group. From pK a -titrations it was calculated that at pH 7 only one anilino group out of three on each calixarene unit is protonated, resulting in a maximal dimer charge of +2, whereas in the benzylamine calixarene all unlinked amino groups are protonated, generating a charge of +6. This important feature drastically increased water solubility and DNA affinity.
In preliminary experiments, from a range of calix [4] arene dimers with bridges comprising three heterocyclic binding sites, a representative of the benzylamine series with a trimeric imidazole bridging unit 5 showed significant preference for polydG-polydC duplexes ( Figure 5 ). Fluorescence titrations indicated dissociation constants in the low nanomolar range, which was also confirmed in ethidium bromide displacement assays. Again the emission of the fluorescein-label was fully quenched and the intercalated dye could be completely expelled by very low dimer concentrations. Most likely this distinction between various repetitive base pair patterns originates from the steric hindrance of thymine's methyl group in AT-rich DNA in combination with strong NH … N hydrogen bridges formed between the imidazole lone pair and guanine's NH proton. Hannon's metallacalix [4] arenes interconverting between 1,3-alternate conformation at low temperatures and cone conformation at higher temperatures [26] .
Metal-based drugs usually bind covalently to nucleic acids in a nonselective fashion. In their seminal work, Hannon et al. synthesized and studied tetracationic metallo-supramolecular cylinders, which were the first artificial non-covalent major groove binders [24] [25] .
Recently, the group also developed a series of platinum(II)-based metallacalix [4] arenes, which interact with DNA in a non-covalent binding mode. These molecules are quite similar to the classical calixarenes, but they differ substantially in bridge and aromatic moiety, since methylene bridges and phenol rings are here replaced by Pt(II) and nitrogen heterocycles ( Figure 6 ) [26] .
Results from UV-Vis binding studies excluded intercalation as the binding mode, because this should reduce the flexibility of the double-strand, but instead coiling was observed even at low metallacalixarene concentrations. CD and LD spectra showed induced bands at about 300-390 nm, indicative of DNA binding in a specific orientation, most likely inside the major groove. The spectra also demonstrated that the conformation remained a B-DNA and that intercalation was not the case. Fluorescence competitive binding assays with ethidium bromide revealed different properties of the four metallacalix [4] arenes. Whereas 6 and 7 do not bind strongly enough in order to displace intercalated ethidium bromide, complexes between 8 and 9 and ct-DNA quench the emission at 600 nm, with an estimated micromolar dissociation constant similar to ethidium bromide itself. It was argued that this difference in binding properties was most likely caused by the different conformational behavior of the calixarene derivatives: NMR experiments indicated that the unsubstituted calixarene 6 and chloro-derivative 7 are conformationally flexible over the whole temperature range, in contrast to 8 and 9. At low temperatures these favor the 1,3alternate conformation, most certainly due to the bulk and heavy nature of the Br-or I-substitution. Above 50°C this preference diminishes and transitions into a mixture of conformations.
Gel electrophoresis experiments showed a decrease in the ct-DNA migration rate at low metallacalixarene concentrations, which was thought to be related to the reduction of the negative charge of ct-DNA after complex formation with the cationic metallacalix [4] arene. At higher concentrations the migration rate diminished to no migration at all, most likely due to formation of rigid, long ct-DNA structures. AFM studies of ct-DNA adsorbed on a mica surface incubated with low loadings of the metallacalixarene showed compact spots, which were attributed to the Pt-complexes, whose interaction with ct-DNA produced a certain degree of either bending or coiling. At higher loadings the AFM images show rigid, long ct-DNA filaments [26] .
Condensation and Transfection
With the rapid development of gene therapy, there is an increased need for highly efficient vectors with low toxicity, which can deliver genetic material through cell membrane and cytoplasm into the cell nucleus. Viral carriers, however, often produce antiviral immunity in vivo; hence researchers have paid more attention in recent years to non-viral carriers. Calixarenes have two obvious advantages in this respect: they can strongly interact with the DNA backbone by preorganized cationic substituents at either rim and they can also be made amphiphilic by introduction of lipophilic groups at the opposite rim, which allows them to self-assemble in aqueous solution [27] . In 2004, Sansone et al. [28] reported on calixarenes with guanidinium groups on the upper and alkyl groups of different length at the lower rim. The introduction of guanidinium moieties not only greatly improved the water solubility of these lipophilic calixarenes, but was also intended to improve specificity and affinity towards DNA's phosphate anions, because hydrogen bond and charge-pairing interactions are superior to those of ammonium groups. In general, guanidinium ions with their high pK of ~ 12 remain protonated in a wide pH range, rendering them attractive anion binding sites both in natural and artificial environments. It was shown that these amphiphilic compounds do not form micelles in water. In subsequent Electrophoresis Mobility Shift Assays (EMSA) and 3-[4,5-dimethylthiazol-2-yl]-2,5diphenyltetrazolium bromide (MTT) assays, compound 10 did not exhibit any appreciable cytotoxicity and started to bind plasmids at concentrations as low as 12. Because of their short aliphatic tails, both compounds did not selfaggregate at concentrations between 10 -5 M and 10 -2 M. Conicalshaped calix [4] arenes, such as 10, are even better, and even in saturated solutions did not aggregate.
Ethidium bromide displacement and DNA melting points suggested, that these new calixarene derivatives recognize DNA with substantially different binding modes, which were studied further in visualized binding images with Atomic Force Microscopy (AFM). After evaluation of all images, the tested guanidinium calixarene derivatives were categorized into three types: (1) cone [4] arenes. Representatives of the first group, including 10-12, first interact with negatively charged phosphate groups spread out along the backbones of both plasmid and linear DNA by means of their convergent four positively charged guanidinium groups. This, in turn, triggers hydrophobic interactions between the lipophilic tails of DNA-bound calixarenes and facilitates their aggregation into compact intramolecular condensates. This mechanism is concentrationdependent and can be reverted through addition of increasing amounts of ethanol into the buffered solution of the DNA aggregates. Obviously, the organic solvent inhibits DNA condensation by impairing hydrophobic interactions. Transfection experiments with the cone-shaped guanidinium calixarenes demonstrated that 11 and 12, with their high lipophilicity, promote cell transfection efficiently at concentrations between 15-20 μM, whereas 10, which is inactive under these conditions, needs the presence of DOPE, a neutral phospholipid adjuvant. In calix [6] arene and calix [8] arene derivatives 14 and 15, the orientation of each guanidium arene can shift either up or down due to the high conformational mobility of the macrocycle, and their uniform positive charge prompts all guanidinium groups to preferentially adopt an alternating orientation with respect to each other. This kind of layout facilitates simultaneous interaction with several DNA filaments with interstrand connections and leads to intermolecular aggregation of plasmids. Macrocycle-mediated strand-exchange among neighbored plasmids possibly contributes to their fabrication. Because the lower rim is adorned with weakly lipophilic methyl groups, the process of generating the abovedescribed "gorgonlike" large DNA aggregates is governed by electrostatic interactions between positive guanidinium groups and the negative DNA backbone, as evidenced by ethanol addition into the DNA buffer, which has no effect. Both conformationally mobile calixarenes consequently do not perform cell transfection regardless of the presence of DOPE. Finally, 13 and 16 , which both adopt the 1,3-alternate conformation in aqueous solution, are still poorly lipophilic and condense DNA mainly depending on charge-charge interactions between their guanidinium groups and DNA backbone phosphates; notably, the condensation effect of 16 can be improved by ethanol addition. Poor lipophilicity is most likely also the reason for their failure to promote cell transfection, a situation which can again be improved by DOPE addition (Figure 8 ) [29] .
In an attempt to improve the above-mentioned compounds with respect to their transfection efficiency and cytotoxicity, calix [4] arene derivatives 17-19 (Figure 9 ), which comprise guanidinium moieties connected to the phenolic OH groups at the lower rim via an ethylene aliphatic spacer and a nonmacrocyclic reference compound (Gemini).
All these compounds are water soluble, with the exception of 19, which undergoes significant aggregation in water. In gel electrophoresis and ethidium bromide displacement assays, 17-19 interacted strongly with DNA at a concentration of 50 μM, as opposed to Gemini, which remained inactive even at 200 μM. AFM imaging revealed that 17 forms a highly compact condensate with a single DNA plasmid at 0.6 μM with an N/P ratio of 0.5 (N/P = guanidinium / phosphate); 19 also strongly condenses DNA at concentrations of 2.5 μM (N/P = 2); however, in the case of 18, AFM imaging showed loosely packed concentrates, which formed only slightly constrained plectonemes a little more tightly than in their normal relaxed state. On the other hand, addition of 10% ethanol to the buffer significantly weakened DNA concentrates from 17 and 19, whereas the loose aggregate with 18 was obviously compacted already at 1.8 μM (N/P = 1.5). This behavior suggests that in the case of 17 and 18, Coulomb attraction was again reinforced by van-der-Waal's interactions between calixarene alkyl chains, whereas p-unsubstituted 18 without lipophilic chains only undergoes electrostatic interactions, which are strengthened in ethanol. Notably, no DNA condensation was found with Gemini 2 (up to 50 μM, N/P = 20) in either the absence or presence of ethanol. The Ungaro group proceeded to plasmid DNA pEGFP-C1(1nM) and RD-4 human rhabdomyosarcoma cells and evaluated the cell transfection ability of these above-mentioned lower rimmodified calixarene derivatives. Interestingly, no transfection occurred with either DOPE or 17-19 alone, but 1:2 mixtures of calixarene ligands and DOPE worked well, particularly at ligand concentrations of 10 μM (N/P = 4). Compound 18 thus qualified as the most effective tranfection agent for RD-4 human rhabdomyosarcoma cells, with 48% transfected cells. This value surpasses by far the best results achieved with commercially available lipofectamine LTX (30%) and is also superior to upper rim-modified tetraguanidinium calixarenes (< 20%) investigated before. Moreover, 18 is only slightly cytotoxic with 75-80% viability measured 48 h after transfection, while 17 and 19 showed higher cytoxicity (~ 60% cell viability). The transfection efficiency of 18 is much higher than that of its acyclic analogue Gemini, suggesting that multivalency, macrocyclic preorganisation and competing intercalation into the DNA duplex must be critical factors which determine calixarene performance [30] .
More and more attention is also being addressed to self-assembled amphiphiles as drug vectors. In 2008, Shahgaldian et al. reported on an amphiphilic macrocyclic calix [4] arene, which forms stable monolayers orthogonal to the air-water interface, with its ammonium groups immersed in the water phase. Compression isotherms on subphases indicate that the monolayer interacts with dissolved DNA at the interface through electrostatic interactions which counteract the compression of the film and give rise to film expansion. If the solvent displacement method is applied to the compound, it self-assembles into solid lipid nano-particles (SLNs) of 190 nm diameter, whose polar functions are most likely spread over the particle surface. After incubation with plasmid DNA, the SLNs undergo complex formation with plasmid DNA via chargecharge interactions, which can be clearly observed by gel chromatography (Figure 10 ) [31] .
The new SLNs suffered from two main disadvantages: their loading capacity was low and they offered no protection against nuclease attacks when employed as transfection vectors. Shahgaldian's group therefore constructed improved SLNs in a layer by layer (LbL) process, which alternates between DNA and chitosan deposition. Chitosan is a positively charged polyelectrolyte and binds tightly to DNA. ζ-potential measurements proved the formation of an alternating LbL coating at the surface of the SLNs. These lipofection experiments exhibited greatly improved transfection rates, which could be monitored by confocal microscopy. The LbL coated SLNs also showed no cytotoxicity [32] .
Recently, Klymchenko et al. presented their work about the hierarchical assembly of DNA nanoparticles with virus size for gene delivery. The group utilizes micelles of amphiphilic calixarenes, which direct their hydrophobic chains into the micelle core and carry their cationic moieties at the micelle surface for solvation. Self-assembly occurs at very low critical micelle concentrations (cmc) and gel electrophoresis demonstrates strong DNA binding regardless of the buffer composition. Electrostatic interactions drive adhesion of single DNA molecules to selfassembled micelles, which result in formation of single plasmid DNA nanoparticles that do not aggregate further. These nanoparticles demonstrate appreciable transfection efficiency for COS-7 cells at low N/P ratios, and relatively low cytotoxicity [33] .
Multivalency was also exploited by Matthews et al. who reported on a series of cationic upper-rim-functionalized "multicalixarenes" 20-22 (Figure 11 ). Anilinocalixarenes are here equipped with glycine units via peptide coupling, so that the upper rim contains four flexible cationic moieties. One phenol OH group at the lower rim of each tetracationic "end calixarene" is connected to one phenolic OH group of a central calix [4] arene, which is thus locked in the 1,3-alternating conformation.
In gel electrophoresis studies, 20-22 show DNA binding via chargecharge interactions, at a plasmid concentration of 2 mM. At lower concentrations, asymmetrical 22 turned out to be superior to symmetrical 20, while 21, with its glycine units, is even stronger. The authors reasoned that binding ability is greatly affected by 
Catalysts for Nucleic Acid Cleavage
In the past decades, chemists have synthesized artificial enzyme mimics which can cleave DNA and RNA at particular positions. Potential applications lie in the field of antisense oligonucleotides for gene therapy. Most natural phosphodiesterases possess divalent metal ions. They act as Lewis acids and simultaneously activate substrates, as well as stabilize the pentacoordinate phosphorus transition state. An appropriate enzyme scaffold requires cooperative preorganization for multiple catalytic groups, as well as a certain extent of flexibility. As adaptable molecular scaffolds with directional preorganization capability, calix [4] arenes offer the advantage that only little energy is required for dynamic conformational changes when each aromatic plane moves either inward or outward starting from the cone conformation. Reinhoudt et al. designed and prepared several calix [4] arene-based phosphodiesterase mimics which contained ligands for two coordinated Zn II or Cu II ions at diametrical positions of the upper rim. Alternatively, three proximal Zn II or Cu II ions were coordinately fixed at the upper rim, and their catalytic properties in promoting the hydrolysis of RNA and DNA model substrates was evaluated ( Figure 12) . The flexible and, therefore, adjustable calix [4] arene scaffold showed enzyme-like binding affinity towards phosphate substrates and both metal ions indeed acted in a cooperative manner, as anticipated. It was also argued that the hydrophobic calixarene environment increased the Lewis acid electrophilicity.
Since coordination geometries and distances between their Zn II and Cu II centers differ, the new bimetallic calix [4] Direct comparison of the catalytic activities for the transesterification of HPNP revealed drastic differences between 1,2-bi-copper(II) calixarene and its 1,3-regio-isomer. The closer Cu-Cu distance is much more efficient and guarantees true positive cooperativity ( Figure 13 ). CPK models suggested that, in the less effective 1,3-regioisomer, the HPNP phosphate forms a bridge to both copper ions, which deforms the cone into a pinched cone conformation and introduces on the calix [4] arene scaffold an additional 2-3 kcal/mol of strain energy. By contrast, the 1,2regioisomer prefers a much more open structure and stabilizes the transition state of the transesterification reaction without steric repulsion. In the related cleavage of diribonucleoside 3',5'monophosphate (NpN'), it became apparent that the trinuclear catalysts also use only two vicinal metal centers and offer no further advantage.
It is interesting to note, that transition to dinucleotides brought about changes in the catalytic mechanism. In the most reactive diribonucleoside monophosphates, UpU and UpG, the uracil heterocycle has a higher pKa value than normal, protonates the azacrown and forms a stable anchoring site for one of the two Cu II ions. The second metal center remains bound to the neighboring azacrown and activates the phosphoryl group [37] . Ungaro et al. further evaluated the catalytic activity of these Cu II complexes in the cleavage of longer oligoribonucleotides under conditions closer to a physiological environment. High efficiency and selectivity were found, owing to altered mechanisms. Here the phosphodiester bond in CpA and UpA is predominantly cleaved, indicating that the adenine base is a highly preferred binding site and potential target for further applications. Since the double negatively charged phosphate at the 5'-end was radiolabeled, it was easily identified as a superior binding site for the first transition metal ion, whereas the other metal ion seems to choose the most reactive singly charged diester phosphate on other positions. Thus the cleavage site is mainly controlled by the local nucleotide sequence [38] .
Other applications
Several groups prepared hybrid molecules from readily accessible calixarenes, which turned out to be useful in DNA chemistry. Geraci et al. introduced nucleotide moieties onto calix [4] arene macrocycles and generated the water-soluble calixarene derivatives bearing four nucleotides at their lower rims (23 and 24) ( Figure 14) . These compounds are able to interfere with DNA replication in polymerase chain reaction assays (PCR). No such inhibitory effect was found for structurally similar nucleotide derivatives without the macrocyclic calixarene template. Most likely, multivalent presentation of preorganized nucleotide moieties enabled tight binding to DNA polymerase. The authors reason that electrostatic interactions between basic residues on the polymerase and the negatively charged nucleotide phosphate groups draw both molecules close to each other, followed by specific nucleoside recognition, which helps to attain a high level of selectivity [39, 40] .
Arrigan et al. employed calix [4] arene acridine conjugates to bind double-stranded DNA at the interface between two immiscible electrolyte solutions (ITIES). The acridine groups were placed at the lower rim of the calixarene scaffold 25 (Figure 14 ) and effectively intercalated into DNA base pairs. Since these calixarene conjugates usually acted as anion ionophores in aqueous solution, it was interesting to observe how binding to ds DNA decreased the transfer current between the liquid-liquid interface. This effect could be investigated by cyclovoltammetry and is intended to be developed into a new detection method for DNA hybridization [41] .
Conclusion and Outlook
Calixarenes represent a compact molecular scaffold with a larger upper and smaller lower rim, both of which can be functionalized at will. Introduction of either primary, secondary, tertiary and quaternary ammonium groups or guanidinium moieties at either rim produces highly charged polycations with 4-8 cationic binding sites oriented in the same direction, which all represent powerful DNA binders. The size of these macrocyclic ligands can be fine-tuned between 4 and 8 phenyl units. Phenyl rings of calix [6] arenes and higher are able to rotate freely through the ring plane. For calix [4] and [5] arenes the flexibility can be frozen by introduction of alkyl chains (> C 2 ) on their phenolic hydroxyl groups, which fixes the cone conformation.
Most polycationic calixarene derivatives bind to DNA by electrostatic and hydrogen bond interactions with the backbone phosphates; some dimeric calix [4] arenes are drawn deeply into the major groove. These are currently further developed into sequenceselective agents, which are intended to interfere with gene expression. Guanidinium calixarenes are especially powerful DNA binders. Some of these can carry genetic material through cell membranes into the cell nucleus and offer high potential as transfection agents of low toxicity. Binding sites for Zn II or Cu II ions attached to the calix [4] arene scaffold on neighboring phenyl rings are able to coordinate with oligonucleotides at the 5'-end and lead to phosphodiester cleavage with some site selectivity.
Little is known about the exact binding mode of calixarene derivatives on the double helix. In the future, the rich potential of calixarenes as powerful DNA complexing agents will only be fully exploited if this structural information becomes available and predictable. Thus, calixarenes will only be able to read the base sequence on the floor of DNA's major groove if they can be designed for specific hydrogen bond contacts with accessible nucleobase donor and acceptor sites. The high efficiency of some guanidinium calixarenes as transfection agents warrants further investigations about cellular uptake and intracellular trafficking (SAR structure-activity relation). In addition, monitoring of the cation transport activity of these DNA/guanidiniumcalixarene complexes could be used in novel sensing systems for enzyme activity. Finally, the new calixarene-based synthetic nucleases will incorporate other elements of sequence selectivity and thus become tailored for specific cleavage sites.
